Coherence lengths and anisotropy in MgB 2 superconductor 



A. Dulcic, M. Pozek, D. 
Department of Physics, Faculty of Science, University of Zagreb, 



Paar 

P. O. Box 331, HR- 10002 Zagreb, Croatia 



(N 
O 
O 



(N 
O 

o 

u • 

Of 

3 ; 
■i-j . 



o 
o 



> 
in 
in 

o 

(N 

o 

-I— > 
c3 



i 

c 

o 
o 



X 



Eun-Mi Choi, Hyun-Jung Kim, W. N. Kang, and Sung-Ik Lee 

National Creative Research Initiative Center for Superconductivity and Department of Physics, 
Pohang University of Science and Technology, Pohang 790-784, Republic of Korea 



Field and temperature microwave measurements have been carried out on MgB2 thin film grown 
on AI2O3 substrate. The analysis reveals the mean field coherence length £mf in the mixed state 
and a temperature independent anisotropy ratio jmf = Cmf/Ca/f ~ 2. At the superconducting 
transition, the scaling of the fluctuation conductivity yields the Ginzburg-Landau coherence length 
with a different anisotropy ratio 7gl = 2.8, also temperature independent. 



PACS numbers: 74.60.Ec 74.25.Nf 74.40.+k 74.76.Db 

The recent discovery of superconductivity at 39 K in 
the simple binary compound MgB2 has sparked a con- 
siderable effort in the scientific community to determine 
the fundamental parameters and the nature of supercon- 
ductivity in this compound. Quite surprisingly, the usu- 
ally simple determination of the upper critical field B C 2 
has emerged as a controversial issue. The early attempts 
to determine B c c2 (B || c-axis), and (B || afc-plane), 
have shown a large span of values and anisotropy ratio 
7 = -E>e|/-Bc2 varying in the range 1.2-9 (2). One could 
have ascribed these discrepancies to an insufficient con- 
trol of the sample preparation conditions at the early 
stage. However, the controversy has not been fully set- 
tled even with the improved sample quality in the re- 
cently prepared thin films and single crystals of MgB2 
IS!! 0, H i 0, H @- One of the puzzling obser- 
vations was that different experimental techniques often 
yielded strongly diverse B C 2 values in one and the same 
sample. Thus, Welp et al. || have shown that resistive 
onset of superconductivity in a given field, which was 
traditionally taken as the upper critical field, was in dis- 
accord with the B^ 2 values obtained in the same sample 
by specific heat and magnetization measurements. Sim- 
ilar discrepancy has been observed in the results of the 
resistive onset and the thermal conductivity E3] . On the 
other hand, the onset of the diamagnetic response was 
found to corroborate with the zero resistance (or the on- 
set of finite resistivity) p| . 

The common approach in these methods is to make a 
choice of a percentage in cutting the transition curves. 
The corresponding points are then taken for B C 2 (T) . Al- 
ternatively, one looks for the geometrical intersection of 
the tangents above and below the transition. None of 
these choices, however, is guided by a physical law de- 
scribing the transition. 

In this Letter we show that the problem of the upper 
critical field, and the related coherence length, is more 
subtle than implicitely assumed before. Our analysis is 
based on the physical process which defines the shape 
of the experimental curve, and yields unequivocally the 



value of B C 2- We find the mean field (MF) coherence 
length £m p as the radius of the vortex core in the mixed 
state and, separately, the Ginzburg-Landau (GL) coher- 
ence length £gl at the transition. The two coherence 
lengths are quite different in MgB2. The anisotropy ra- 
tios are also different (7gl > 7mf), but both turn out 
to be temperature independent. 

The thin film of MgB 2 was grown on (1102) A1 2 3 
substrate using a two-step method (ll], Precursor 
thin film of B was deposited by pulsed laser deposition at 
room temperature. The B thin film was sealed together 
with high purity Mg into Nb tube with Ar atmosphere. 
The heat treatment was carried out at 900 °C for 10-30 
min. The film thickness was 400 nm. X-ray diffraction 
indicated that the MgB2 film has a highly c-axis oriented 
crystal structure normal to the substrate surface with no 
impurity phase observed. 

Microwave measurements were carried out in an ellip- 
tical cavity resonating in e TEm mode at 9.3 GHz. The 
thin film was mounted on a sapphire sample holder and 
placed in the center of the cavity where the microwave 
electric field E u was maximum. The sample was oriented 
with a6-plane parallel to E u . The measured quantities 
were the Q-factor of the cavity loaded with the sample 
and the shift of the resonant frequency /. From the com- 
plex frequency shift Auj/ui = A/// + zA(l/2Q) one can 
obtain by inversion the complex conductivity <x = <j\ — i<7 2 
of the film using the cavity perturbation expression |L5| . 

Figure |l| shows the experimental results in zero mag- 
netic field. From the imaginary part of the conductivity 
(T2 = l/Mo^i one can infer the zero temperature Lon- 
don penetration depth A^(0) = 79 nm in our film. With 
this value, and the shape of 02, this film is found to be 
between the clean and the dirty limit, closer to the latter 
II- 

Here we focus on the effects of the applied magnetic 
field in the superconducting state. Figure shows the 
field dependences (B || c) of the complex frequency shift 
at various temperatures. By inversion of these data 
points, one can obtain the field dependent complex con- 
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ductivity at each given temperature. Theoretically, the 
response of the superconductor in the mixed state to an 
oscillating electric field E u is given by an effective com- 
plex conductivity (ItJ 



1 

5 c ff 



1 - 



B/B c 



i(u) Q /uj) 



B/B, 



<;2 



B B 
(1 - -5— ){<Ji - i<J2) + -5- o n 



1 

a n 1 - i(oJ /u>) 
(1) 



The first term is due to the microwave current outside 
the vortex cores, and the second to the normal current 
in the cores of the oscillating vortices. The meaning of 
the fraction B/B C 2 in Eq. (|l|) is the volume fraction of 
the sample taken by the normal vortex cores. The depin- 
ning frequency u>o may change with field and tempera- 
ture from strongly pinned case (ujq ;§> w) to the flux flow 
limit (luq «C lo). In Eq. (|l|) the zero field conductivity is 
a 1 — 102 , and a n is the normal state conductivity. 

Using the experimental field dependent complex con- 
ductivity and Eq. (|l]) we have determined the values of 
B/B C 2 and ujq/lu. Figure |^ shows some of the results. 
One observes that each of the curves has initially a con- 
stant slope (dashed lines in Fig. ||). It defines very pre- 
cisely the value of B c2 at a given temperature. Note that 
in this region the actual field B is much smaller than 
B C 2 so that the superconducting film is well in the mixed 
state. Hence, we determine, in fact, the mean field coher- 
ence length £,mf as the radius of the normal vortex core 
( B c2 F = ®o/2t£mfi wnere $0 is the flux quantum). The 



FIG. 2: Magnetic field dependences of the complex frequency 
shift in MgB2 thin film for B || c. The arrows indicate in- 
creasing temperatures. 



fundamental property of a vortex much below the transi- 
tion to the normal state is that it contains many Landau 
levels as bound superconducting states fig)] . When the 
field is increased so that the transition to the normal 
state is approached, the upper Landau levels are grad- 
ually lifted and finally only the lowest Landau level re- 
mains. The field at which this level nucleates is conven- 
tionally known as the upper critical field B C 2- When the 
transition is very sharp, B C 2 can be determined straight- 
forwardly from the single turning point. However, in the 
cases of rounded transitions, one has to consider the fluc- 
tuation conductivity and the scaling laws which govern 
the physics of the transition. 

In Fig. U we show the scaling of the fluctuation conduc- 
tivity cti — a n according to the 3D LLL scheme . 
A very good scaling is achieved only with a linear choice 
of T C (B) line (equivalently B C 2 line) for the temperature 
interval indicated in Fig. ^. The corresponding values are 
marked by arrows in Fig. |^. It is obvious that the val- 
ues of B C 2 obtained from 3D LLL scaling are close to the 
points where the normal state seems to be reached, but 
not precisely there. This feature is due to the supercon- 
ducting fluctuations which appear also above the mean 
field transition. By taking the deviation from the nor- 
mal state behavior as the onset of superconductivity, one 
selects, in fact, the point where the superconducting flue- 
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FIG. 3: Variations of the volume fraction of the normal elec- 
trons. The dashed lines mark the low field linear segments of 
the curves wherefrom F can be determined. The arrows 
indicate the B]£ h values obtained from the 3D LLL scaling 
of the fluctuation conductivity in Fig. ^. 

tuations start to exhibit a contribution noticeable above 
the noise level in the experimental curve. 

The results of the present analysis are synthesized in 
Fig. 0. The full symbols represent the mean field results 
B^ F with vortices formed by a great number of Lan- 
dau levels and having radius £m f ■ The anisotropy ratio 
Imf — £,mf ~ 2 is practically temperature indepen- 
dent. The full lines in Fig. |^ are obtained from 3D LLL 
scaling. These lines delineate the nucleation of vortices 
with the lowest Landau level only. The field required for 
this nucleation is related to the Ginzburg-Landau coher- 
ence length B~c2 L — 0o/27r£ Gi . The anisotropy ratio is 
7gl = S.g'l/^gl = 2.8, and also temperature indepen- 
dent in the interval where the 3D LLL scaling could be 
applied. 

We show by the dashed lines in Fig. |B| the results ob- 
tained by cutting the experimental curves of 1/2Q in 
Fig. at 95% of the normal state value. The line obtained 
in this way for (T) exhibits a positive curvature and, 
consequently, yields a temperature dependent anisotropy 
ratio. Similar results have been obtained in other recent 
reports |8|, [|, [l(], O, [l2| where various cutting criteria 
have been used rather than the scaling law. It is not pos- 



FIG. 4: 3D LLL scaling of the fluctuation conductivity o\ — 



sible to find a single cutting level which would mimic the 
3D LLL scaling procedure. It appears that the cutting 
level should be changed from one experimental curve to 
another at a different temperature in a way which is, a 
priori, not known. Obviously, the effects of the supercon- 
ducting fluctuations cannot be simply accounted for by 
a cuting procedure. 

One may remark that the extrapolated B^ L lines in 
Fig. H point to T c = 33.8 K, while the dashed lines based 
on the 95% cutting criterion reach 35.5 K. With a higher- 
percentage for the cutting level, one could reach even 
higher temperatures. These values are in the fluctua- 
tion region above the true T c defined as the temperature 
where £gl diverges. 

In conclusion, we have shown that in MgB2 one can 
distinguish the mean field coherence length in the mixed 
state, and the Ginzburg-Landau coherence length at the 
transition. The latter should be found by considering 
the superconducting fluctuations and the proper scal- 
ing law of the measured physical quantity. We find the 
anosotropy ratios Jmf ~ 2 and jgl = 2.8, both with no 
temperature dependences. 
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FIG. 5: The upper critical fields determined by various meth- 
ods, Bc2 F (symbols), B c ^ (full lines), and the values resulting 
from cutting the experimental curves (dashed lines). 
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